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Abstract 
7KHIOXFWXDWLRQRIPDUNHWVDQGLQFUHDVLQJSURGXFWYDULDQWVUHVXOWLQXQFHUWDLQSURGXFWLRQYROXPHV3URGXFWLRQV\VWHPVPXVWEH
DEOHWRFRQWLQXDOO\UHVFDOHWKHLURXWSXWZLWKRXWORVVRIHIILFLHQF\7KLVSDSHUSUHVHQWVDQD[LRPDWLFGHVLJQDSSURDFKWRDOORFDWH
FRPSOH[ ILQDO DVVHPEO\ WDVNV WR SURFHVV PRGXOHV RI KXPDQURERW FROODERUDWLRQ LQ D IOH[LEO\ OLQNHG OD\RXW $IWHU D EULHI
LQWURGXFWLRQLQWRD[LRPDWLFGHVLJQDQGWKHDXWRPDWLRQFDSDELOLW\DVVHVVPHQWWKHV\VWHPDWLFRIWDVNDOORFDWLRQWRKXPDQZRUNHUV
DQGOLJKWZHLJKWURERWVLVGHVFULEHG7KLVSDSHUFRQFOXGHVZLWKDQDXWRPRWLYHLQGXVWU\XVHFDVHRIWKHSUHVHQWHGDSSURDFKLQWKH
$5(1$UHVHDUFKFDPSXV
 
7KH$XWKRUV3XEOLVKHGE\(OVHYLHU%9
6HOHFWLRQDQGSHHUUHYLHZXQGHUUHVSRQVLELOLW\RI3URIHVVRU/LKXL:DQJ
.H\ZRUGV+XPDQ5RERW&ROODERUDWLRQ$[LRPDWLF'HVLJQ6FDODELOLW\
1. Introduction 
$VVHPEO\ V\VWHPV RI D FXVWRPL]HG VHULHV SURGXFWLRQ DUH
VSHFLDOL]HG WR FHUWDLQ YDULDQWV DQG GHVLJQHG WR ZRUN KLJKO\
HIILFLHQWDWDGHILQHG LGHDORSHUDWLQJSRLQWRIRXWSXWTXDQWLW\
>@ 7KLV LGHDO RSHUDWLQJ SRLQW EHFRPHV PDQLIHVW LQ DQ
DVVHPEO\VWUXFWXUHRIIL[HGDVVHPEO\OLQHVZLWKULJLGO\OLQNHG
VWDWLRQV DQG D VSHFLILHG F\FOH WLPH5HWXUQ RQ LQYHVWPHQW LQ
UHJDUG WR WKLV RXWSXW TXDQWLW\ LV DQ LPSRUWDQW SODQQLQJ
FULWHULRQ 7KH KLJK YRODWLOLW\ RI PDUNHWV KRZHYHU
FRPSOLFDWHVDQDFFXUDWHSURMHFWLRQRIIXWXUHRXWSXWTXDQWLWLHV
>@)XUWKHUPRUHWKHW\SLFDOFKDUDFWHULVWLFVRIWKHSURGXFWOLIH
F\FOH FXUYH VHDVRQDO YDULDWLRQ DQGGD\WRGD\ IOXFWXDWLRQRI
FXVWRPHU RUGHUV HPSKDVL]H WKDW D IL[HG RSHUDWLQJ SRLQW RI
TXDQWLW\ LV QRW D VXIILFLHQW VROXWLRQ IRU WRGD\¶V JOREDOO\
FRPSHWLWLYH ZRUOG ,Q DGGLWLRQ DVVHPEO\ V\VWHPV DUH
FKDOOHQJHG E\ WKH SDUDGLJP RI SHUVRQDOL]HG SURGXFWLRQ >@
WKDW FDXVHV DQ LQFUHDVLQJ QXPEHU RI KHWHURJHQHRXV SURGXFWV
YDULDQWV VR WKDW D VSHFLDOL]DWLRQ RI SURGXFWLRQ HTXLSPHQW WR
RQO\FHUWDLQYDULDQWVLVQRORQJHUIHDVLEOH
,Q RUGHU WR UHDFK DQ HIIHFWLYH XWLOL]DWLRQ RI DVVHPEO\
UHVRXUFHV LW LV WKXV QHFHVVDU\ WR GHVLJQ YDULDQW IOH[LEOH
DVVHPEO\ V\VWHPV WKDW FDQ HDVLO\ EH DGDSWHG WR FKDQJLQJ
RXWSXWOHYHOV$VFDODEOHLGHDORSHUDWLQJSRLQWLVQHHGHG2QH
SRVVLELOLW\WRUHDFKVXFKDVFDODELOLW\RIWKHRSHUDWLQJSRLQWLV
WKHLPSOHPHQWDWLRQRIDIORDWLQJGHJUHHRIDXWRPDWLRQ
7KH GHJUHH RI DXWRPDWLRQ LQ DVVHPEO\ LV WUDGLWLRQDOO\
UHODWLYHO\ ORZ FRPSDUHG WR RWKHU VHFWLRQV RI WKH SURGXFWLRQ
$XWRPRWLYHILQDODVVHPEO\HJLVRQO\DXWRPDWHGE\OHVVWKDQ
FRPSDUHGWRDQDXWRPDWLRQGHJUHHRIURXQGDERXWLQ
WKHERG\LQZKLWHSURGXFWLRQ >@7KHURRWFDXVHIRU WKH ORZ
GHJUHHRIDXWRPDWLRQOLHVLQ WKHKLJKQXPEHURIYDULDQWVDQG
LQWKHFKDUDFWHULVWLFVRIPDQ\DVVHPEO\SDUWVQRWVXLWDEOHIRU
VWDQGDUGL]HG DXWRPDWLRQ VROXWLRQV ,W LV HJ VWLOO GLIILFXOW WR
HIILFLHQWO\DXWRPDWH WKHDVVHPEO\RI OLPSSDUWV >@:LWKWKH
UHVWULFWLRQ RI WKH DVVHPEO\ VHTXHQFH GHILQHG E\ WKH SURGXFW
VWUXFWXUH WKHUH DUH RIWHQ QRW HQRXJK DXWRPDWDEOH DVVHPEO\
RSHUDWLRQV LQD VHTXHQFH WRRSHUDWHDQ DXWRPDWHGFHOO WR IXOO
FDSDFLW\ DQG WKXV UHDFK QHFHVVDU\ VDYLQJV IRU D OHJLWLPDWH
UHWXUQ RQ LQYHVWPHQW 7KLV LV HYHQ PRUH YDOLG VLQFH WKH
UHGXFWLRQ RI WKH DYHUDJH SURGXFW OLIH F\FOHV KDV UHGXFHG WKH
GXUDWLRQRIDSURGXFW¶VSHDNSURGXFWLRQWLPH
1HZ GHYHORSPHQWV LQ WKH DUHD RI KXPDQURERW
FROODERUDWLRQ DOORZ WR GLVWULEXWH ZRUN EHWZHHQ URERW DQG
KXPDQRSHUDWRUDFFRUGLQJ WRWKHLU UHVSHFWLYH FDSDELOLWLHV >@
PDNLQJ WKH DXWRPDWLRQ RI DVVHPEO\ VHTXHQFHV HFRQRPLFDO
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HYHQ LI WKH VHTXHQFH LV LQWHUUXSWHG E\ DVVHPEO\ RSHUDWLRQV
ZLWK ORZ VXLWDELOLW\ IRU DXWRPDWLRQ $W WKH VDPH WLPH WKH
GHJUHHRIDXWRPDWLRQFDQEHLQFUHDVHGLQOLQHZLWKDUDPSXS
FXUYHSUHYHQWLQJWKHDEUXSWLQFUHDVHRILQYHVWPHQWSUHYDOHQW
ZKHQJRLQJIURPDPDQXDOWRDIXOO\DXWRPDWHGV\VWHP>@
,Q WKLVSDSHU DQD[LRPDWLFGHVLJQEDVHGSODQQLQJPHWKRG
IRUWKHGHVLJQRIVFDODEOHDVVHPEO\SURFHVVPRGXOHVXVLQJD
IORDWLQJGHJUHHRIDXWRPDWLRQDQGKXPDQURERWFROODERUDWLRQ
LVSUHVHQWHG$VOD\RXWSDUDGLJPDVWUXFWXUHRIIOH[LEO\OLQNHG
SURFHVVPRGXOHVLVDVVXPHG
2. State of the art  
$[LRPDWLF GHVLJQ LV D PHWKRG WKDW DGMXVWV WKH GHVLJQ
SURFHVVWRVDWLVI\DV\VWHP¶VIXQFWLRQDOUHTXLUHPHQWV)5WKDW
DUH GLUHFWO\ GHULYHG IURP WKH FXVWRPHUV¶ UHTXLUHPHQWV 7KH
PHWKRG LV EDVHG RQ WZR IXQGDPHQWDO D[LRPV WKH
LQGHSHQGHQFH DQG WKH LQIRUPDWLRQ D[LRP 7KH LQGHSHQGHQFH
D[LRPIRUFHVWKHGHVLJQHUWRVHDUFKIRUGHVLJQVROXWLRQV'3
WKDW LGHDOO\ RQO\ LQIOXHQFH RQH UHVSHFWLYH IXQFWLRQDO
UHTXLUHPHQW WR PD[LPL]H WKH LQGHSHQGHQFH RI IXQFWLRQDO
HOHPHQWV DQG WKXV UHDOL]H IXQFWLRQ VHSDUDWLRQ 7KH
LQIRUPDWLRQ D[LRP KHOSV WR VHOHFW D GHVLJQ SDUDPHWHU RXW RI
GLIIHUHQWRSWLRQVE\MXGJLQJRQLWVSUREDELOLW\WRVXFFHVVIXOO\
VDWLVI\ LWV UHVSHFWLYH IXQFWLRQDO UHTXLUHPHQW7KHEHVWGHVLJQ
LVFRQVLGHUHGWKHRQHZLWKWKHOHDVWLQIRUPDWLRQ>@
,QDPDWKHPDWLFDOQRWDWLRQ WKHYHFWRULDO UHSUHVHQWDWLRQRI
)5V WR '3V LV H[SUHVVHG ZLWK WKH GHVLJQ PDWUL[ >$@ VHH
HTXDWLRQ  $ IXOO\ XQFRXSOHG LGHDO GHVLJQ UHVXOWV LQ D
GLDJRQDO GHVLJQ PDWUL[ DV VKRZQ LQ HTXDWLRQ  DQ
XQFRXSOHGGHVLJQLQDWULDQJXODUPDWUL[DVVKRZQLQHTXDWLRQ
 DQG WKH XQGHVLUDEOH FRXSOHG GHVLJQ LQ D IXOO PDWUL[ DV
VKRZQLQHTXDWLRQ>@

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$[LRPDWLF GHVLJQ KDV DOUHDG\ EHHQ VXFFHVVIXOO\ XVHG WR
VXSSRUWWKHSODQQLQJRISURGXFWLRQDQGDVVHPEO\V\VWHPV>@
7KHPRVWUHOHYDQWRQHVWRWKHFRQWHQWRIWKLVSDSHUDUHEULHIO\
GLVFXVVHGLQWKHIROORZLQJVHFWLRQ
 $[LRPDWLFGHVLJQRIPDQXIDFWXULQJDQGDVVHPEO\V\VWHPV
%DELF >@ XVHV WKH FKDUDFWHULVWLFV RI SDUWV WR GHVFULEH
PDQXIDFWXULQJ SURFHVVHV DV )5V IRU WKH D[LRPDWLF GHVLJQ RI
IOH[LEOH PDQXIDFWXULQJ V\VWHPV )06 +H DXWRPDWHV WKH
PDWFKLQJ RIPDQXIDFWXULQJPDFKLQHV VDYHG LQ D NQRZOHGJH
PRGXOH WR WKH)5V7KHPDQXIDFWXULQJSDUWV¶FKDUDFWHULVWLFV
DUHKRZHYHUQRWDSSOLFDEOHIRUDVVHPEO\SURFHVVHV
5HLFKHQEDFK >@ GHFRPSRVHV DVVHPEO\ SURFHVVHV LQ
HOHPHQWDU\ IXQFWLRQV LH DSSO\ IRUFH DQG EDVH RSHUDWLRQV
LH OHQJWK DPRXQW WROHUDQFH RI IRUFH DSSOLFDWLRQ DQG
FRPSDUHVWKHWHFKQLFDOFRPSDWLELOLW\RIDVVHPEO\UHVRXUFHVDV
GLIIHUHQW '3V WR SHUIRUP WKH DVVHPEO\ SURFHVV E\ FKRRVLQJ
WKHLU OLPLWDWLRQ RXW RI D NQRZOHGJH UHVHUYRLU 6WDQGDUG
LQGXVWULDO URERWV KXPDQRSHUDWRUV DQG LPSHGDQFH FRQWUROOHG
OLJKWZHLJKWURERWVHOLJLEOHIRUKXPDQURERWFROODERUDWLRQDUH
FRQWHPSODWHG LQ WKH NQRZOHGJH UHVHUYRLU DV DVVHPEO\
UHVRXUFHV5HLFKHQEDFKGRHVQRWUHJDUGWKHFKDQJHRIYROXPH
RUYDULDQWVLQKLVD[LRPDWLFGHVLJQDSSURDFK
0DWW>@LGHQWLILHV³UHSURGXFWLRQRUIXUWKHUDXWRPDWLRQRI
WKHVLQJOHDVVHPEO\FHOO´DQG³YDULDQWRUW\SHIOH[LEOHGHVLJQ
RI WKH DVVHPEO\ FHOO´ DV LQGHSHQGHQW GHVLJQ SDUDPHWHUV WR
DGGUHVV WKH IXQFWLRQDO UHTXLUHPHQWV ³SURYLGH YROXPH
IOH[LELOLW\´DQG³SURYLGHSURGXFWPL[RUYDULDQWIOH[LELOLW\´RI
FKDQJHDEOH DVVHPEO\ V\VWHPV +RZHYHU KH GHVLJQV WKH
IXUWKHUDXWRPDWLRQLQMXPSVEHWZHHQIXOO\PDQXDODXWRPDWHG
SURFHVVLQJ DQG IXOO DXWRPDWLRQ DQG GRHV QRW DGGUHVV WKH
GHVLJQRIWKHIOH[LEOHDVVHPEO\FHOOVLWVHOI
)RLWK)|UVWHUDQG%DXHUQKDQVO >@GHYHORSDVWUXFWXUH
SODQQLQJ PHWKRG IRU FKDQJHDEOH DVVHPEO\ V\VWHPV 7KH\
GHVFULEHWKHDVVHPEO\SURFHVVZLWKSURGXFWFKDUDFWHULVWLFVRI
WKH DVVHPEO\ SDUWV DQG WKHLU MRLQW DQG EXLOW VHW RI
FKDUDFWHULVWLFV DV KLJKHVW OHYHO )5:LWK WKLV DSSURDFK WKH\
GHVLJQ JHQHUDO W\SHV RI SURFHVV PRGXOHV ZKLFK DUH WKHQ
LQVWDQWLDWHG DQG SXW LQWR OD\RXW GXULQJ DVVHPEO\ VWUXFWXUH
SODQQLQJ/LNH0DWW>@WKH\YDU\WKHGHJUHHRIDXWRPDWLRQ
RI WKHLU SURFHVV PRGXOHV DQG GXSOLFDWH SURFHVV PRGXOHV IRU
YROXPHFKDQJH$SURFHVVPRGXOHLQWHUQDOLPSOHPHQWDWLRQRI
VFDODELOLW\LVKRZHYHUQRWSXUVXHG
 +XPDQURERWFROODERUDWLRQVFHQDULRVLQPDQXIDFWXULQJ
DQGDVVHPEO\V\VWHPV
+XPDQURERW FROODERUDWLRQ LQ LWVPRVW HODERUDWHG IRUPRI
VDIH IRUFH DQG SRZHUOLPLWHG FROODERUDWLRQ ZLWKLQ WKH VDPH
ZRUNVSDFHRIRSHUDWRUDQGURERWLVFRQWHPSODWHGWREHRQHRI
WKH NH\ HQDEOHUV IRU IXWXUH SURGXFWLRQ 7KH SRVVLEOH
FROODERUDWLRQ VFHQDULRV DUH GHILQHG E\ ,62  >@ DQG
UHSUHVHQWHGLQ7DEOH
7DEOH+XPDQURERWFROODERUDWLRQEDVHGRQ,62
7\SH 1DPH 0DLQPHDQRIULVNUHGXFWLRQ
, 6DIHW\UDWHG
PRQLWRUHGVWRS
1RURERWPRWLRQZKHQRSHUDWRULVLQ
FROODERUDWLYHVSDFH
,, +DQGJXLGLQJ 5RERWPRWLRQRQO\WKURXJKGLUHFWLQSXW
RIRSHUDWRU
,,, 6SHHGDQGVHSDUDWLRQ
PRQLWRULQJ
5RERWPRWLRQRQO\ZKHQVHSDUDWLRQ
GLVWDQFHDERYHPLQLPXPVHSDUDWLRQ
GLVWDQFH
,9 3RZHUDQGIRUFH
OLPLWLQJE\LQKHUHQW
GHVLJQRUFRQWURO
,QFRQWDFWHYHQWVURERWFDQRQO\LPSDUW
OLPLWHGVWDWLFDQGG\QDPLFIRUFHV

:LWK WKH ODXQFK RI VHQVLWLYH DQG VDIH OLJKWZHLJKW URERWV
RYHU WKH ODVW \HDUV PRUH DQG PRUH DSSOLFDWLRQV DSSHDUHG
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IHDVLEOH IRUKXPDQURERW FROODERUDWLRQ5HDOFROODERUDWLRQ LQ
WKH VDPH ZRUN VSDFH ZLWKRXW DGGLWLRQDO VDIHW\ HTXLSPHQW
EHFDPH SRVVLEOH DV WKH URERW VDIHW\ LV JXDUDQWHHG WKURXJK
LQKHUHQW VDIH GHVLJQ DQG FRQWURO >@ 0RGHUDWH FROOLVLRQV
EHWZHHQ URERW DQG RSHUDWRUV DUH DFFHSWHG EHFDXVH RI ORZ
LQHUWLD DQG KLJKO\ VHQVLWLYH VHQVRUV ZLWKLQ LQKHUHQW VDIH
WRROLQJ GHVLJQ +XPDQ SDLQ WKUHVKROGV IRU GLIIHUHQW ERG\
UHJLRQVZHUHH[DPLQHGDQGUHFRUGHGE\ >@7KHQRUPDWLYH
EDVH RI FROODERUDWLYH URERWV RI ,62 ZDV H[WHQGHG
WRZDUGVWKHQHZ76GHILQLQJWKHDSSURSULDWHDQGVDIH
XVHRIFROODERUDWLYHURERWVLQLQGXVWULDODSSOLFDWLRQV
7KHUH DUH GLIIHUHQW DSSURDFKHV IRU WKH V\VWHPDWLF XVH RI
OLJKWZHLJKW FROODERUDWLYH URERWV LQ PDQXIDFWXULQJ DQG
DVVHPEO\V\VWHPV
%HXPHOEXUJ >@ GHYHORSV DQ DXWRPDWLRQ FDSDELOLW\ VFRUH
IRU RSHUDWRUV DQG URERWV WR FKHFN WKH FDSDELOLW\ DQG RSWLPDO
DOORFDWLRQRIZRUNFRQWHQW WRHDFKPHDQRISURGXFWLRQ%XLOW
RQ WKHVH UHVXOWV VKH FUHDWHV D VNLOORULHQWHG PXOWLFULWHULD
SODQQLQJRIDQRSHUDWLQJVHTXHQFHIRUFROODERUDWLYHV\VWHPV
=LSWHU >@ VKRZV WKDW PDQXDO DVVHPEO\ V\VWHPV FDQ EH
V\VWHPDWLFDOO\ FRPELQHGZLWK VHQVLWLYH OLJKWZHLJKW URERWV WR
UHDOL]H VFDODEOH SURGXFWLRQ IRU YRODWLOH PDUNHW GHPDQGV +H
FDOOV WKLV FRQFHSW ³URERW IDUPLQJ´ $VSHFWV RI KXPDQURERW
FROODERUDWLRQZHUHQHJOHFWHG
 'HILQLWLRQRISURFHVVPRGXOHV
$VVHPEO\SURFHVVPRGXOHVDUHF\EHUSK\VLFDOIUDFWDOV>@
RIWKHDVVHPEO\V\VWHP7KH\FDQEHPXOWLSOLHGGLVSODFHGRU
HOLPLQDWHG DV D ZKROH >@ DQG IHDWXUH D SOXJ 	 ZRUN
FKDUDFWHU >@$VVHPEO\SURFHVVPRGXOHVSHUIRUPFRPSOHWH
VXESURFHVVHVRI WKHDVVHPEO\>@7KHLU IXQFWLRQDO
UDQJHPXVW EHGHILQHGZLWK UHJDUG WR WKHRYHUDOO FRPSOH[LW\
RI WKH DVVHPEO\ V\VWHP LH WKHQXPEHURI GLIIHUHQW YDULDQWV
>@,QDFFRUGDQFHWRWKHLUFKDUDFWHUWKH\FDQEHDVVLJQHGWR
WKHSURGXFWLRQOHYHORIPDFKLQHDQGZRUNVWDWLRQ
 &KDQJHDEOHSURGXFWLRQ
)DVW LQWHUFKDQJHDELOLW\ EHWZHHQ GLIIHUHQW SURGXFWLRQ
VFHQDULRV LV RQH NH\ HQDEOHU IRU FKDQJHDEOH SURGXFWLRQ
&KDQJHDELOLW\FRQVLGHUVWKHVKLIWEHWZHHQGLIIHUHQWIOH[LELOLW\
FRUULGRUV±DVFDQEHVHHQLQ)LJIRUWKHH[DPSOHRIORWVL]H
RI D SURGXFWLRQ V\VWHP &KDQJHDEOH SURGXFWLRQ V\VWHPV DUH
FDSDEOHRIYDU\LQJWKHLURZQVWUXFWXUHDQGFRQWLQXRXVO\DGMXVW
WKHPVHOYHVEHFDXVH WKH VHWRI UHDFKDEOHVWDWHV LVQRW LQLWLDOO\
JLYHQ>@GXULQJWKHFRQFHSWXDOVWDJHRIWKHV\VWHPGUDIW
3RVVLEOHFKDQJHVFHQDULRVLQFOXGLQJLPSDFWVRQWKHORWVL]H
DQGSURGXFWLRQFRVWVFDQEHIRXQGLQ)LJUHIHUULQJWRILQDO
DVVHPEO\WDVNVRIDQDXWRPRWLYHXVHFDVH

)LJ'LIIHUHQFHEHWZHHQIOH[LELOLW\DQGFKDQJHDELOLW\>@

)LJ&RUUHODWLRQEHWZHHQORWVL]HSURGXFWLRQFRVWVDQGDXWRPDWLRQOHYHO
>@
3. Methodical approach 
2Q WKH EDVLV RI WKH DXWRPDWLRQ FDSDELOLW\ DVVHVVPHQW RI
%HXPEHOEXUJ >@ WKH LQGLYLGXDO WDVNDOORFDWLRQGHVFULEHGE\
5HLFKHQEDFK>@DQG WKHXVHRIVHQVLWLYH OLJKWZHLJKW URERWV
ZLWKLQWKHDVVHPEO\OLQHE\=LSWHU >@ WKLVSDSHUSUHVHQWVD
SURSRVLWLRQIRUVFDODEOHSURGXFWLRQLQILQDODVVHPEO\EDVHGRQ
DQD[LRPDWLFGHVLJQDSSURDFK
 )OH[LEO\OLQNHGDVVHPEO\FHOOV
7KH XVH RI IUHH DSSURDFKDEOH KXPDQURERW FROODERUDWLRQ
DVVHPEO\ FHOOV LQ FRPELQDWLRQ ZLWK PDQXDO ZRUNSODFHV LQ D
IOH[LEO\ OLQNHG OD\RXW LV RQH SRVVLELOLW\ WR HQFRXQWHU
XQIRUHVHHQFKDQJHVGULYHQE\WKHUHTXLUHGORWVL]HWKHYDULDQW
GLYHUVLW\ D FKDQJH LQ WKH DVVHPEO\ WHFKQRORJLHV RU WKH
DVVHPEO\OLQHOD\RXW
2SHUDWLQJ ERWWOHQHFNV RU SURGXFWLRQ VXUSOXV FDQ EH
FKDOOHQJHG E\ GXSOLFDWLRQ RU ELVHFWLRQ RI DVVHPEO\ PRGXOHV
DQGUHORFDWLRQRIWKHPRGXODUDQGPRELOHDVVHPEO\FHOOV7KH
VKLIWLQJ RI ZRUN FRQWHQW EHWZHHQ GLIIHUHQW PDQXDO DQG
FROODERUDWLYH DVVHPEO\ FHOOV DOORZV WR SHUIRUP D IORDWLQJ
GHJUHHRIDXWRPDWLRQZLWKLQFRQVWDQWYDULDWLRQRIWKHWDFWWLPH
DW DQ RSWLPXP RSHUDWLQJ SRLQW >@ $ VLPSOH GUDIW RI WKH
SURGXFWLRQOLQHFKDQJHDELOLW\FDQEHIRXQGLQ)LJ



)LJ)OH[LEO\OLQNHGDVVHPEO\PRGXOHVIRUKXPDQURERWFROODERUDWLRQ
$5(1$
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6WDUWLQJZLWK D FRPSOHWHPDQXDO DVVHPEO\ LQRQHSODFH ±
GLIIHUHQW SURGXFW IORZV DUH SRVVLEOH HJ SDUWZLVH IXOO
DXWRPDWLRQ RI VLPSOH DVVHPEO\ WDVNV WHPSRUDO OLPLWHG
DXWRPDWLRQGXHWRWKHODFNRIHPSOR\HHVVXSSRUWRIZRUNHUV
LQ HUJRQRPLF FULWLFDO RSHUDWLRQV RU SURFHVV DXWRPDWLRQ WR
FKDOOHQJHWKHPHHWLQJRITXDOLW\UHTXLUHPHQWV$OODFWLRQVFDQ
EH H[HFXWHG LQ RQH VSRW RU G\QDPLFDOO\ VKLIWHG DORQJ WKH
SURGXFW IORZ IRU ORQJHU RU VKRUWHU F\FOH WLPHV DQG WKHUHIRUH
ORZHURUKLJKHUORWVL]HV
 $XWRPDWLRQDVVHVVPHQW
%DVHG RQ WKH UHVXOWV RI %HXPHOEXUJ >@ ZKR FUHDWHG D
PHWKRGLFDO DSSURDFK WR TXDQWLI\ WKH DXWRPDWLRQ FDSDELOLW\
WKHDXWKRUVH[WHQGHGWKHDSSURDFKWRGHILQHRQHSHUIRUPDQFH
LQGLFDWRU IRU DXWRPDWLRQ VXLWDELOLW\ 3DUWV DQG MRLQLQJ
WHFKQRORJ\FKDUDFWHULVWLFVDVZHOODVW\SHVRISDUWVXSSO\DQG
SRVVLEOHUHZRUNDUHWDNHQLQWRDFFRXQW
,QDILUVWVWHS WKHFRUUHVSRQGLQJZRUNFRQWHQWRI UHTXLUHG
GLUHFW ODERU LV LQYHVWLJDWHG DQG IUDFWXUHG IROORZLQJ XS WKH
D[LRPDWLF GHVLJQ DSSURDFK WR GHILQH LQGHSHQGHQW DVVHPEO\
WDVNV XVHG DV )5V $WWULEXWHV OLNH DYDLODEOH VHSDUDWLRQ
WHFKQRORJ\ DQG VXSSO\ PHWKRGV KDQGOLQJ DQG JULSSLQJ
IHDWXUHVH[LVWLQJMRLQLQJWHFKQRORJLHVDQGSRVVLEOHUHZRUNRU
TXDOLW\FKHFNVDUHSXWLQWRFRQVLGHUDWLRQ
$OO DVVHPEO\ WDVNVGRKDYHGLVWLQFW MREGHVFULSWLRQZKLFK
FDQ EH IRXQG LQ D FRUUHVSRQGLQJ GDWDEDVH IRU DVVHPEO\
SODQQLQJ DQG VHUYHV DV D OLVW RI DYDLODEOH'3V EDVHG RQ WKH
KDQGOLQJ GHVFULSWLRQV RI 9', >@ DQG WKH MRLQLQJ
WHFKQRORJLHVIROORZLQJ,62VWDQGDUG>@±VHH)LJ
7KURXJKRXW WKH DVVHPEO\ WDVN DVVHVVPHQW WKH PLVVLQJ
LQIRUPDWLRQDERXWSDUWFKDUDFWHULVWLFVDQGKDQGOLQJSURSHUWLHV
DUH FRPSOHWHG DQG DOORFDWHG WRZDUGV HDFK VLQJOH '3 E\ WKH
DVVHPEO\V\VWHPGHVLJQHU7KLV LQFOXGHV URXJKHVWLPDWLRQRI
WKH QHFHVVDU\ KDQGOLQJ WLPH 0HWKRGV 7LPH 0HDVXUHPHQW
070 SDUW JHRPHWULHV FKDUDFWHULVWLFV ULJLGLW\ PDVV DQG
VL]H«DVZHOODVPDWHULDOSURSHUWLHVDQGHUJRQRPLFDVSHFWV
RIWKHMRLQLQJPRYHPHQWDQGZRUNSODFHGHVLJQVHH>@)RU
HDV\ XVH DQG KDQGOLQJ SLFWRJUDSK LOOXVWUDWLRQ DQG
LGHQWLILFDWLRQWDJVDUHXVHG
$IWHU WKH UHFRUGRIHYHU\VLQJOH)5DQG LWVFRUUHVSRQGLQJ
'3 WKH DVVHPEO\ WDVNV DUH VWULQJHG DQG YLVXDOL]HG LQ RQH
DVVHPEO\ ERDUG 7KLV VHWXS DQG YLVXDOL]DWLRQ IRUP FDQ EH
FRPSDUHG WR 'HVLJQ 6WUXFWXUH 0DWUL[ '60 VHH >@
3RVVLEOH UHODWLRQV DQG LQWHUDFWLRQV EHWZHHQ GLIIHUHQW )5V WR
HLWKHU RQH RU PRUH '3V DUH PDUNHG LQ D WZRGLPHQVLRQDO
UHODWLRQVKLS GLDJUDP %\ VKLIWLQJ WKH )5 RUGHU D V\VWHP RI
OLQHDU LQGHSHQGHQW HTXDWLRQV IRU XQFRXSOHG PHDQV RI
SURGXFWLRQRUDWOHDVWGLDJRQDOPDWULFHVZLWKGHSHQGHQFLHVRQ
WKHORZHUKDOIRIWKHPDWUL[LVDFKLHYDEOH


)LJ([HPSODU\WDVNDOORFDWLRQRIWKH$5(1$GRRUPRGXOHDVVHPEO\

)LJ3URFHGXUHRIGDWDSURFHVVLQJWRVWUXFWXUHGDQGFOXVWHUHGDVVHPEO\
WDVNV
(YHU\ DVVHPEO\ VWHS SURYLGHV DQ LGHQWLILFDWLRQ QXPEHU
ZKLFK LV OLQNHG WR LWV SRVLWLRQ UDQJH LQ WKH ILQDO DVVHPEO\
VHTXHQFH:LWKLQ WKLV VWUXFWXUH WKH SURFHVVHV )5V FDQ EH
FRQVLGHUHGWREHDOORFDWDEOHWRGLIIHUHQWPHDQVRISURGXFWLRQ
OLNH DXWRPDWLRQ KXPDQURERW FROODERUDWLRQ RU HYHQ PDQXDO
RSHUDWLRQ%DVHGRQ WKHVSHFLILF LQIRUPDWLRQRI WKHDVVHPEO\
WHFKQRORJ\ VXFK DV KDQGOLQJ RU MRLQLQJ RSHUDWLRQV DQG WKHLU
FKDUDFWHULVWLFV FOXVWHUV RI )5V RI WKH VDPH DXWRPDWLRQ OHYHO
DVZHOODVUHODWHGWHFKQRORJLHVDUHEXLOW7KHDJJORPHUDWLRQRI
)5VZLWKLQWKHVDPHDXWRPDWLRQFDSDELOLW\OHYHOLVQH[W6XE
FOXVWHU RI DXWRPDWHG KDQGOLQJ DQG MRLQLQJ DV ZHOO DV VXE
FOXVWHURIPDQXDORSHUDWLRQVDUHEXLOWLQVLGHFOXVWHUVRIUHODWHG
WHFKQRORJLHV
,OOXVWUDWHGLQDVLPSOHIORZFKDUWGLDJUDPWKHGLIIHUHQWWDVN
DOORFDWLRQ WRZDUGV KXPDQ RSHUDWRU DQG URERW JHWV REYLRXV
7DVNVZLWK ORZ DXWRPDWLRQ VXLWDELOLW\ DUHPDUNHG UHGZKLFK
LPSOLHVFRPSOHWHPDQXDORSHUDWLRQRI WKHDVVHPEO\6XLWDEOH
DXWRPDWLRQWDVNVDUHPDUNHG\HOORZDQGJUHHQGHSHQGLQJRQ
WKHLU DEVROXWH DXWRPDWLRQ DVVHVVPHQW UDWLQJ $OO WDVNV DUH
FRQVLGHUHG WR EH LPSOHPHQWHG LQ KXPDQURERW FROODERUDWLRQ
RUPDQXDODVVHPEO\ IRU IDVW DQGHDV\ LQWHUFKDQJHDELOLW\ VHH
)LJ
%HWZHHQ SRVVLEOH KXPDQURERW FROODERUDWLRQ RQH PDMRU
GLVWLQFWLRQ ZDV PDGH 6FHQDULRV ZLWK ORZ WLPH VKDUH
HVWLPDWHGE\ WKH070DQDO\VLVDQGFORVH WRHTXDOZRUNORDG
EHWZHHQRSHUDWRUDQGURERWZHUHFRQVLGHUHGWREHNHSWWRWKH
RSHUDWRU EHFDXVH DXWRPDWLRQ DSSHDUV HFRQRPLFDOO\ GRXEWIXO
,Q FDVH RI VLJQLILFDQW DXWRPDWHG WLPH VKDUH D GHFLVLRQ
WRZDUGVDFROODERUDWLYHVFHQDULRZDVWDNHQ


)LJ([HPSODU\WDVNDOORFDWLRQRIWKH$5(1$GRRUPRGXOHDVVHPEO\

A Handling
influence spatial 
arrangement
B Buffering build up stock
C Buffer parts move parts to buffer
Layer Assembly Task (FR) Assembly Job (DP) Composition
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4. Use Case 
7KH PHWKRG ZDV GHYHORSHG DQG YHULILHG DW WKH ILQDO
DVVHPEO\ RI DXWRPRWLYH GRRUV DW $5(1$ FDPSXV
-RLQLQJ RSHUDWLRQV OLNH VFUHZLQJ FOLSSLQJ PHUJLQJ DQG
LQVHUWLRQ ZHUH IRXQG )XUWKHUPRUH RSHUDWLRQV OLNH WKH
KDQGOLQJ RI OLJKWZHLJKW VWUXFWXUH SDUWV RI QRQULJLG VHOI
WZLVWLQJ SURSHUWLHV DUH FRQVLGHUHG $ WRWDO QXPEHU RI 
GLIIHUHQWDVVHPEO\RSHUDWLRQVZHUHPDSSHGLQWRWKHDVVHPEO\
PDWUL[ LQFOXGLQJ  VLQJOH DVVHPEO\ WDVNV LGHQWLILHG DQG
IUDFWXUHGE\WKHD[LRPDWLFGHVLJQDSSURDFK
,IGHVLUHGDERXWRQHTXDUWHURIWKHZRUNFRQWHQWLVIHDVLEOH
IRU DXWRPDWLRQ DQG FRXOG EH DGRSWHG E\ FRRSHUDWLYH URERWV
H[HFXWLQJ WKHVH RSHUDWLRQV $OO DSSOLFDWLRQV GR KDYH LQ
FRPPRQWKHIROORZLQJWZRDVSHFWV
x UHSHWLWLYH ZRUNORDG ZLWK LPSDFW RQ SURGXFW TXDOLW\
HJVFUHZLQJFOLSSLQJ
x PDQXDO KDQGOLQJ GXULQJ VHSDUDWLRQ EHFDXVH RI EDG
SDUW FKDUDFWHULVWLFV XQEDODQFHG GLPHQVLRQV ORZ
VWLIIQHVVDQGULJLGLW\
7KH GHFLVLRQ WR UHDOL]H SXUH PDQXDO RU FROODERUDWLYH
DVVHPEO\FHOOVLVEDVHGRQWKHVXEVHTXHQWHFRQRPLFDOIDFWV
x IXOO DXWRPDWLRQ LPDJLQDEOH EXW RIWHQ HFRQRPLFDOO\
GRXEWIXO EHFDXVH RI SUHGLFWDEOH LVVXHV GXULQJ SDUW
KDQGOLQJSRVLWLRQLQJDQGSRVVLEOHUHZRUN
x KLJKHU IOH[LELOLW\ UHJDUGLQJ VHHQXQVHHQ FKDQJHV LQ
WKH DVVHPEO\ IORZ E\ DYRLGLQJ H[SHQVLYH VSHFLDO
PDFKLQHU\
x UHGXFHG KDUGZDUH FRVWV RQ KDQGOLQJ DQG WRROLQJ
WHFKQRORJLHVEHFDXVHRIOHVVFRPSOH[LW\LQWRJULSSHU
GHVLJQ
x PRUH SURFHVV UHOLDELOLW\ WKURXJK SRVVLEOH GLUHFW
UHZRUNE\RSHUDWRU
3RVVLEOHDXWRPDWLRQVFHQDULRVIRUGLIIHUHQWF\FOHWLPHVFDQ
EH IRXQG LQ )LJ  7KH SRVVLELOLWLHV RI ZRUN ORDG VKDULQJ
EHWZHHQ RSHUDWRU DQG VHQVLWLYH OLJKWZHLJKW URERW DV ZHOO DV
WKHKLJKO\IOH[LEOHOD\RXWDOORZVWRVWUHWFKWKHWDFWWLPHLQWKLV
DSSOLFDWLRQ H[DPSOH E\ D IDFWRU RI IRXU 6LQFH WKHUH DUH
DOZD\V VHWVRI DXWRPRWLYHGRRUV LW VHHPV VXLWDEOH WREXQGOH
WKH DVVHPEO\ SURFHVVHV RI OHIW DQG ULJKW GRRU IRU D KLJKHU
GHJUHHRIFDSDFLW\XWLOL]DWLRQ


)LJ/D\RXWH[DPSOHVDQGFRUUHVSRQGLQJF\FOHWLPHVIRUGRRUPRGXOH
DVVHPEO\
5. Conclusion and future prospect 
7KH PHWKRG VKRZHG FRPSUHKHQVLYH UHVXOWV IRU WDVN
DOORFDWLRQ ZKLFK ZHUH FRQILUPHG LQ GLVFXVVLRQV ZLWK
DXWRPDWLRQ H[SHUWV 7KH ILQDO DVVHPEO\ RI FDU GRRUV FDQ EH
SDUWO\ DXWRPDWHG XVLQJ FROODERUDWLYH URERWV ZLWKRXW
VLJQLILFDQW LQYHVW LQWR IXOO DXWRPDWLRQ RU SDUW UHGHVLJQ 7KH
IOH[LEO\ OLQNHG OD\RXW RI FROODERUDWLYH DQGPDQXDO DVVHPEO\
FHOOV IRU ILQDO DVVHPEO\ RIIHUV KLJK XQLYHUVDOLW\ DQG
VFDODELOLW\ 7RGD\ WKH HIIRUW RI GDWD LQSXW DQG WKH VWLOO
PDQXDOO\ RSHUDWHG GDWD SURFHVVLQJ GXULQJ WKH GHVLJQ VWDJH
PDGHLWFRPSOH[WRXVHIRUWKHDVVHPEO\V\VWHPGHVLJQHU)RU
IXWXUH DSSOLFDWLRQV WKH DXWKRUV LQWHQG WR LPSOHPHQW D
VRIWZDUHDSSOLFDWLRQIRUOD\RXWGHVLJQDQGWDVNDOORFDWLRQ
1HYHUWKHOHVV LWJRWREYLRXV WKDWE\GHFRPSRVLWLRQRI WKH
DVVHPEO\ ZRUN FRQWHQW LQWR VLQJOH DVVHPEO\ WDVNV DQG WKH
LQGHSHQGHQW DXWRPDWLRQ DVVHVVPHQW GXULQJ WKH FRQFHSWXDO
VWDJH WKH PHWKRG UHYHDOHG QHZ DSSURDFKHV DQG LGHDV IRU
SRVVLEOHFROODERUDWLRQVFHQDULRVDVLGH WKHFRPPRQDQGZHOO
NQRZQLPSOHPHQWDWLRQV
7KHSDSHUSXWIRFXVRQWKHWHFKQLFDOIHDVLELOLW\DQGVLPSOH
WDVNDOORFDWLRQWRRSHUDWRUVDQGFROODERUDWLYHURERWV7RSURYH
WKH VXLWDELOLW\ RI HFRQRPLFDOO\ UHDVRQDEOH KXPDQURERW
FROODERUDWLRQQHZFDOFXODWLRQDQGLQYHVWPHQWPRGHOVKDYHWR
EHSXUVXHG6RIDUWKHFRQFHSWLVJRLQJWREHLPSOHPHQWHGDW
$5(1$ VKRSIORRU IRU  GLIIHUHQW SURGXFWLRQ VFHQDULRV
RIDQDXWRPRWLYHXVHFDVH±VWDWHPHQWVFRQFHUQLQJWKHQHHGHG
GHYHORSPHQW WLPH DQG FRVW DV ZHOO DV WKH UHXVDELOLW\ DQG
DGDSWDELOLW\ RI WKH SURFHVV PRGXOHV WR GLIIHUHQW DVVHPEO\
VWDWLRQVZLOOEHIROORZHGDQGLQYHVWLJDWHG
$V DQ DGGLWLRQDO EHQHILW RI WKH PHWKRG WKH DVVHPEO\
GDWDEDVH DQG V\VWHPDWLF WDVN GHVFULSWLRQ SURYLGHV D EDVH IRU
VNLOOEDVHG SURJUDPPLQJ ZKLFK LV RQH UHVHDUFK WRSLF DW
)UDXQKRIHU,3$DQG$5(1$DW WKHPRPHQWDQGZLOOEH
LPSOHPHQWHGIRUIDVWHULQLWLDORSHUDWLRQDQGEHWWHUXVDELOLW\RI
OLJKWZHLJKWURERWV
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